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Oxidative stress and chromosome missegregation are important factors that are linked to aneuploidy. A 
major reason for chromosome missegragation is the inappropriate activity of the spindle assembly check-
point (SAC), a conserved surveillance mechanism that monitors the state of kinetochore-microtubule 
attachments to ensure equal chromosome segregation in mitosis. SAC-activation induces a prolonged 
mitotic arrest. Mitosis is considered the most vulnerable cell cycle phase to several external signals, 
therefore increasing the time cells spent in this phase via mitotic arrest induction by SAC-activating 
agents is favorable for cancer therapy. Cancer cells also display elevated oxidative stress due to abnor-
mally high production of reactive oxygen species (ROS). However, the effect of increased oxidative stress 
on the duration of mitotic arrest remains largely unknown. In this study, we investigated the effect of 
H2O2-induced oxidative stress on the mitotic arrest induced by a SAC-activating agent (nocodazole) in 
Saccharomyces cerevisiae. Our data suggest that oxidative stress prolongs SAC-activation induced 
mitotic arrest in a dose dependent manner. We, in addition, investigated the effect of H2O2 treatment on 
the mitotic arrest induced independently of SAC-activation by using a conditional mutant (cdc23) and 
showed that the effect of H2O2-induced oxidative stress on mitotic arrest is independent of the SAC activ-
ity. 
Keywords: Spindle assembly checkpoint – Oxidative stress – Mitotic arrest – Cancer – Saccharomyces 
cerevisiae
INTRODUCTION
Equal segregation of chromosomes into two daughter cells during mitosis is critical 
for maintaining genomic stability. Failure in the regulation of mitosis may lead to an 
abnormal chromosome number and content in daughter cells, known as aneu-
ploidy [14]. Aneuploidy is a common characteristic of cancer cells. About 90% of 
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solid tumors and 85% of hematopoietic neoplasias are known to be aneuploid [38]. 
Not surprisingly, cells have evolved several mechanisms to ensure fidelity of chromo-
some segregation in mitosis to prevent aneuploidy.
Since uncontrolled chromosome segregation and proliferation are critical factors 
leading to carcinogenesis, mitosis has been a successful target for cancer therapy. 
Indeed, two groups of anti-cancer drugs taxanes (paclitaxel/taxol, docetaxel) and 
vinca alkoloids (vinblastine, vincristine) that have been successfully used in the treat-
ment of several cancers for decades display their anti-tumor activities by interfering 
with mitotic progression [2]. These drugs disrupt the functional mitotic spindle for-
mation by binding to tubulin, the structural subunit of spindle microtubules. Aberrant 
spindle formation leads to improper chromosome-spindle microtubule attachments, 
which activates the spindle assembly checkpoint (SAC) and induces a prolonged 
mitotic arrest [23]. SAC is an evolutionarily conserved regulatory mechanism that 
monitors the state of kinetochore-microtubule attachments to ensure equal chromo-
some segregation in mitosis [31]. SAC gets activated in response to the presence of 
improperly attached/unattached chromosomes and induces a mitotic arrest by inacti-
vating Cdc20, a substrate specific co-activator of an E3 ubiquitin ligase named ana-
phase-promoting complex/cyclosome (APC/C). Because APC/CCdc20 triggers meta-
phase-to-anaphase transition by targeting securin (Pds1 in yeast) for degradation, 
inhibition of APC/CCdc20 activity by SAC activation delays anaphase onset through 
Pds1 stabilization [24]. Aberrant SAC activity through mutations in the checkpoint 
genes may lead to genomic instability due to premature chromosome segregation in 
anaphase before all chromosomes are properly attached [1, 22, 37]. Consistent with 
this, aneuploidy is frequently observed in several tumors with abnormal expression 
levels of SAC genes [4, 26]. 
Oxidative stress has also been reported to be associated with aneuploidy, there-
fore carcinogenesis [6, 8, 27, 32]. An antioxidant agent (oltipraz) has been shown 
to have a significant inhibitory effect on aneuploidy in fibroblasts of Li-Fraumeni 
syndrome patients [15] and overexpression of an antioxidant enzyme (superoxide 
dismutase) has been reported to significantly decrease aneuploidy in a T cell lym-
phoma mouse model [33]. Oxidative stress results in the imbalance between the 
production and destruction of reactive oxygen species (ROS) in the favor of the 
former [28]. Increased oxidative stress due to abnormally high ROS production has 
been reported in several types of cancer. Increased ROS levels in cancer cells have 
been proposed to enhance the oncogenic properties of cancer cells such as prolif-
eration, survival and migration [19] as well as alterations in sensitivity to anticancer 
agents [25].
Mitotic arrest induction through SAC-activating agents is favorable for cancer 
treatment, because the arrest increases the time they spend in mitosis, which is con-
sidered the most vulnerable phase of the cell cycle to several external factors such as 
chemical exposure [11] and radiation [30]. However, the effect of increased oxidative 
stress in cancer cells on the duration of the mitotic arrest induced by SAC activating 
chemotherapy drugs remains largely unknown. In this study, we investigated the 
effect of oxidative stress induced by different concentrations of hydrogen peroxide 
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(H2O2) on mitotic arrest induced by nocodazole, a SAC activating agent, in 
Saccharomyces cerevisiae. We demonstrated that H2O2 treatment of nocodazole-
arrested cultures led to an increased number of mitotic cells in a dose dependent 
manner at the end of the course of the experiment compared to the untreated nocoda-
zole-arrested culture, suggesting that oxidative stress prolongs SAC-activation 
dependent mitotic arrest in a dose dependent manner. We also investigated whether 
the prolonged mitotic arrest observed in the H2O2 treated cultures was due to the SAC 
activity. We showed that the H2O2 treatment also increased the number of mitotic 
cells in cultures arrested in mitosis through an APC/C mutation (cdc23) in a dose 
dependent manner, suggesting that H2O2 induced oxidative stress increases the dura-
tion of the mitotic arrest in a dose dependent manner and independently of the SAC 
activity. 
MATERIALS AND METHODS
Strains and growth conditions
Wild type (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; PDS1-3HA-URA3) and cdc23 
mutant (MATa leu2 ura3 his3 met3 PGAL1-PDS1-MDB1::LEU2 cdc23) S. cerevisiae 
strains, a very kind gift from Dr. Daniel Burke, were used in this study. Yeast cells 
were maintained on YPD agar plates containing 2% (wt/vol) glucose, 1% (wt/vol) 
yeast extract, 2% (wt/vol) peptone, and 2% (wt/vol) agar and cultured in liquid YPD 
medium (2% wt/vol) glucose, 1% (wt/vol) yeast extract and 2% (wt/vol) peptone). 
Wild type strain was cultured at 30 °C. Temperature sensitive mutant strain was incu-
bated at 23 °C before being shifted to the restrictive temperature of 35 °C.
Induction of mitotic arrest and oxidative stress
For SAC activation-dependent mitotic arrest induction, wild type yeast cells grown 
to early mid-logarithmic phase (O.D600 = ~0.3) were incubated with 15 µg/ml noco-
dazole (Sigma) in liquid YPD on a mechanical shaker (175 rpm) at 30 °C for 3 hours. 
To induce mitotic arrest independently of SAC activation, temperature sensitive 
cdc23 mutants were grown to early mid-log phase (O.D600 = ~0.3) in liquid YPD on 
a mechanical shaker (175 rpm) at 23 °C and shifted to 35 °C 3 hours prior to the H2O2 
treatments. In both SAC-activation dependent (3 hour incubation in the presence of 
nocodazole) and independent (3 hour incubation at the restrictive temperature) 
mitotic arrest inductions, the efficiency of the mitotic arrest was monitored under the 
light microscope. Presence of >70% of large budded cells was considered an efficient 
mitotic arrest. For wild type cells, 0 mM, 0.2 mM, 1 mM, 3 mM, 10 mM or 200 mM 
H2O2 were directly added to the mitotically arrested cultures (T0) and incubated on a 
mechanical shaker (175 rpm) at 30 °C for 3 hours. cdc23 mutants were treated with 
0 mM, 0.2 mM, 3 mM or 10 mM H2O2 and incubated on a mechanical shaker (175 
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rpm) at 23 °C for 3 hours. Samples were taken from each culture at every hour for 
3 hours (T1, T2, T3).
Western Blot Analysis
Protein extracts were prepared from samples taken at T0, T1, T2, and T3 by the 
NaOH method as described previously [16]. Total protein extracts were transferred to 
immobilon PVDF membrane (Millipore). The membranes were blocked in 5% dry 
fat-free milk in 1X PBS for 1 hour at room temperature and probed with anti-HA 
(Abcam) and anti-Pgk1 (Abcam) antibodies overnight at 4 °C for Pds1-3HA and 
Pgk1 (loading control) detection, respectively. Following the primary antibody incu-
bations, membranes were washed three times with 1X PBS and incubated with the 
appropriate HRP-conjugated secondary antibodies in 5% dry fat-free milk in 1X PBS 
for 1 hour at room temperature. Membranes were washed three times with 1X PBS 
after the secondary antibody incubation. Following the washes, the blots were stained 
with ECL (WesternBright Sirius HRP substrate, Advansta), exposed to medical X-ray, 
MXBE blue film (Carestream) and developed manually. Pictures of the films were 
taken on a light box. Pds1-HA levels in at least two independent experiments were 
analyzed by western blot.
Detection of Reactive Oxygen Species (ROS)
Intracellular ROS levels were examined as reported previously [20]. Briefly, 200 μl 
of cells were collected at each time point and resuspended in 200 μl of fresh YPD 
medium. The cells were incubated with 10 μg/ml 2′,7′-dichlorodihydrofluorescein 
diacetate (H2DCFDA; Molecular Probes) at 30 °C for 40 minutes. Five μl of cells 
were applied onto microscope slides immediately after the incubation and examined 
under a fluorescence microscope (Leica DM1000 LED, Leica Microsystems, 
Germany, excitation at 495 nm and emission at 525 nm). At least 200 cells were 
examined for each sample at T0 and T3, and scored as “fluorescent” or “non-fluores-
cent”. The experiment was conducted at least in triplicate for each H2O2 concentra-
tion.
DAPI staining
Samples collected at each time point were fixed with 3.7% (v/v) formaldehyde for 
1–1.5 hours at room temperature. After the fixation, samples were washed twice with 
dH2O, resuspended in dH2O and stored at 4 °C until staining. For staining, the cells 
were centrifuged and fixed with 70% (v/v) ethanol for 30 minutes at room tempera-
ture. Ethanol fixed cells were washed once with dH2O and resuspended in water. Five 
μl of cells were loaded onto slides and stained with DAPI (4′,6-diamidino-2-phe-
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nylindole) (2 μg/ml) in Vectashield mounting medium (Vector, Burlingame, CA). For 
each time point, at least 200 cells were examined for budding morphology and DAPI 
staining under a fluorescence microscope (Leica DM1000 LED, Leica Microsystems, 
Germany) and scored as “large budded with 1 nucleus”, “large budded with 2 nuclei”, 
or  “other”. The experiment was conducted at least three times for each H2O2 concen-
tration and the percentage of cells that were “large budded with 1 nucleus” was 
reported.
Spotting assay
Samples were taken right after the 3-hour nocodazole incubation – as soon as the 
H2O2 treatment – (T0) and after the 3-hour incubation with 0 mM, 0.2 mM, 1 mM, 
3 mM, 10 mM and 200 mM H2O2 (T3). Ten fold serially diluted aliquots of each 
sample were prepared and 5μl from each aliquot was spotted on the YPD plates. 
Pictures were taken after the incubation at 30 °C for 2 days. 
Statistical analysis
Data are expressed as the mean standard deviation (std). Statistical analyses were 
done by student’s t-test. Differences were considered statistically significant at 
p < 0.05, n values represent the number of independent experiments. 
RESULTS
Sensitivity of nocodazole arrested cells to oxidative stress
We used hydrogen peroxide (H2O2) to induce ROS accumulation, thus trigger oxida-
tive stress; and nocodazole to induce SAC activation-dependent mitotic arrest in a 
wild type Saccharomyces cerevisiae strain. Early mid-logarithmic phase cells 
(OD600 = ~0.3) were treated with nocodozole (15 µg/ml) for 3 hours (T0). Nocodazole 
is a spindle poison, which activates the SAC and induces a SAC activation-dependent 
metaphase arrest by perturbing the kinetochore-microtubule attachments. Immediately 
after the 3 hour-nocodazole arrest 0 mM, 0.2 mM, 1 mM, 3 mM, 10 mM or 200 mM 
H2O2 was added to each culture (OD600 = ~0.8) (T0) and incubated for 3 hours (T3). 
First, H2O2-induced ROS production was examined in each culture by the 
H2DCFDA assay. Carboxy-H2DCFDA is a non-fluorescent reagent, but in the pres-
ence of ROS it gets oxidized and becomes green fluorescent. We observed that the 
intracellular ROS levels after the nocodazole treatment (T0) was the same among 
cultures that have just been treated with different H2O2 concentrations, as the percent-
age of fluorescent cells in 0.2 mM, 1 mM, 3 mM, 10 mM or 200 mM H2O2 treated 
cultures were not significantly different compared to the untreated control at T0 
482 Pinar Buket ataly et al.
Acta Biologica Hungarica 68, 2017
Fi
g.
 1
. S
en
si
tiv
ity
 o
f n
oc
od
az
ol
e 
ar
re
st
ed
 c
el
ls
 to
 H
2O
2 t
re
at
m
en
t. 
W
ild
 ty
pe
 c
el
ls
 in
 m
id
-lo
g 
ph
as
e 
w
er
e 
in
cu
ba
te
d 
w
ith
 n
oc
od
az
ol
e 
fo
r 3
 h
rs
. 0
 m
M
, 0
.2
 
m
M
, 1
 m
M
, 3
 m
M
, 1
0 
m
M
 o
r 2
00
 m
M
 H
2O
2 w
er
e 
ad
de
d 
to
 th
e 
ar
re
st
ed
 c
ul
tu
re
s (
T0
). 
A
) I
nt
ra
ce
llu
la
r R
O
S 
le
ve
ls
 ri
gh
t a
fte
r t
he
 n
oc
od
az
ol
e 
tre
at
m
en
t (
T0
) 
an
d 
fo
llo
w
in
g 
th
e 
3 
ho
ur
-in
cu
ba
tio
n 
w
ith
 d
iff
er
en
t H
2O
2 
co
nc
en
tra
tio
ns
 (T
3)
 w
er
e 
ex
am
in
ed
 b
y 
th
e 
H
2D
C
FD
A
-a
ss
ay
. A
t l
ea
st
 2
00
 c
el
ls
 w
er
e 
sc
or
ed
 a
t T
0 
an
d 
T
3 
an
d 
pe
rc
en
ta
ge
 o
f 
fl
uo
re
sc
en
t 
ce
ll
s 
(%
 F
lu
or
es
ce
nt
 c
el
l)
 w
as
 r
ep
or
te
d.
 D
at
a 
re
pr
es
en
t 
th
e 
m
ea
n 
st
an
da
rd
 d
ev
ia
ti
on
. A
st
er
is
ks
 i
nd
ic
at
e 
a 
si
gn
ifi
ca
nt
 
di
ffe
re
nc
e 
(n
 ≥
 3
 s
tu
de
nt
’s
 t-
te
st
, p
 <
 0.
05
). 
B
) V
ia
bi
lit
y 
of
 th
e 
cu
ltu
re
s t
re
at
ed
 w
ith
 d
iff
er
en
t c
on
ce
nt
ra
tio
ns
 o
f H
2O
2 
w
as
 c
om
pa
re
d 
by
 th
e 
sp
ot
tin
g 
as
sa
y.
 T
en
 
fo
ld
 s
er
ia
lly
 d
ilu
te
d 
al
iq
uo
ts
 o
f e
ac
h 
sa
m
pl
e 
w
er
e 
sp
ot
te
d 
on
to
 Y
PD
 p
la
te
s. 
Pi
ct
ur
es
 w
er
e 
ta
ke
n 
fo
llo
w
in
g 
th
e 
in
cu
ba
tio
n 
at
 3
0 
°C
 fo
r 2
 d
ay
s 
H2O2 prolongs mitotic arrest 483
Acta Biologica Hungarica 68, 2017
(p > 0.05). 3 hours after the H2O2 treatments (T3), percentage of fluorescent cells in 
cultures treated with either 10 mM or 200 mM H2O2 (76.7% and 99%, respectively) 
were significantly higher compared to the untreated control (12.4%) (*p < 0.05). 
Whereas, percentage of fluorescent cells were not significantly different in the cul-
tures treated with 0.2 mM, 1 mM or 3 mM H2O2 relative to the control (p > 0.05) 
(Fig. 1A). These data suggest that lower H2O2 concentrations (0.2 mM, 1 mM and 3 
mM) do not lead to a significant intracellular ROS accumulation, whereas higher 
concentrations (10 mM, 200 mM) significantly increase ROS levels in nocodazole-
arrested cultures compared to the untreated arrested control.
Next, we investigated the sensitivity of nocodazole-arrested cells to different H2O2 
concentrations by the spotting assay. Early mid-log phase cells (OD600 = ~0.3) were 
treated with nocodazole for 3 hours (T0). Arrested cultures were then treated with 0 
mM, 0.2 mM, 1 mM, 3 mM, 10 mM or 200 mM H2O2 for 3 hours (T3). Following 
the H2O2 treatments, 10 fold serial dilutions of each culture were spotted (5 µl) onto 
YPD plates. After a 2-day incubation at 30 °C, viability of the cultures was compared 
(Figure 1B). Consistent with the ROS results, after the 3-hour incubation with lower 
concentrations of H2O2 (0.2 mM, 1 mM, 3 mM) were not very different by means of 
viability compared to the untreated control, whereas treatment with higher H2O2 con-
centrations (10 mM, 200 mM) resulted in a decreased viability compared to the con-
trol (Fig. 1B, T3). Specifically, 200 mM H2O2 treatment led to a complete loss of 
viability. Therefore, we determined 200 mM H2O2 to be the lethal dose for our 
experiments.
Effect of oxidative stress on nocodazole-induced mitotic arrest 
In order to investigate the effects of oxidative stress on the duration of SAC activa-
tion-dependent mitotic arrest, wild type cells (O.D600 = ~0.3) were treated with noco-
dazole for 3 hours. After the nocodazole incubation (T0), cultures (O.D600 = ~0.8) 
were treated with 0 mM, 0.2 mM, 1 mM, 3 mM or 10 mM H2O2 and samples were 
collected at every hour for 3 hours (T1, T2, T3). Mitotic arrest phenotype was moni-
tored morphologically by DAPI staining and biochemically by western blot analysis 
at each time point (Fig. 2).
Cycling S. cerevisiae cells have either no buds or have buds smaller than 1/3 of the 
mother cell. Metaphase arrested cells, on the other hand, can be distinguished by their 
large budded (approximately the same size with the mother cell) phenotype with 
unsegregated chromosomes (one nucleus) [10, 17]. Samples collected at each time 
point were stained with DAPI, examined for budding and nuclear morphology under 
a fluorescent microscope and scored as “large budded with one nucleus”, “large bud-
ded with two nuclei” or “other (unbudded and small budded)” (Fig. 2A), where “large 
budded with one nucleus” morphology represents metaphase cells. We observed that 
majority of the untreated cells completed metaphase 3 hours after the nocodazole 
treatment as only 8.2% of the untreated cells were large budded with a single nucleus 
at T3. Percentage of large budded cells with one nucleus in 0.2 mM (9.3%) and 1 mM 
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(10.1%) H2O2 treated cultures at T3 were not significantly different than that of the 
untreated control (8.2%, p > 0.05). However, percent metaphase cells at T3 in cultures 
treated with 3 mM (29.7%) and 10 mM (70.4%) H2O2 were significantly higher com-
pared to the untreated control (p < 0.05) (Fig. 2B). These data together suggest that 
higher sublethal concentrations of H2O2 (3 mM and 10 mM) prolong SAC-activation 
dependent mitotic arrest, whereas lower sublethal concentrations (0.2 mM and 1 mM) 
do not have a significant effect on the duration SAC-dependent mitotic arrest.
Degradation of securin/ Pds1 (also known as the “anaphase inhibitor”) triggers the 
metaphase-to-anaphase transition; therefore it is a widely accepted biochemical 
marker for the anaphase onset. In cycling cells, Pds1 levels peak in metaphase and 
decrease as the cells proceed into anaphase, whereas in mitotically arrested cells Pds1 
levels remain stable. To examine the effect of oxidative stress on SAC-activation 
dependent mitotic arrest biochemically, Pds1 levels in untreated and 0.2 mM, 3 mM 
or 10 mM H2O2 treated nocodazole-arrested cells were monitored at every hour for 3 
hours by western blot analysis (Fig. 2C). A high level of Pds1 was detected in each 
culture right after the nocodazole treatment (T0), consistent with an efficient meta-
phase arrest. Pds1 levels in untreated and 0.2 mM H2O2 treated cultures decreased 
significantly after the 3-hour incubation with H2O2 (T3), indicating that 0.2 mM H2O2 
treatment does not sustain the mitotic arrest. On the other hand, Pds1 levels in cul-
tures treated with 3 mM or 10 mM H2O2 remained stable during the course of the 
experiment, suggesting that higher concentrations of H2O2 maintain SAC-activation 
dependent mitotic arrest (Fig. 2B).
Effect of oxidative stress on SAC activation-independent mitotic arrest 
Next, we wanted to know whether the effect of H2O2-induced oxidative stress on 
nocodazole-arrested cells was through SAC activity or it was just a result of cells 
being in mitosis. To test this, we induced a mitotic arrest that is independent of SAC 
activation by using a temperature sensitive cdc23 mutant strain. 
Cdc23 is a core subunit of the anaphase promoting complex/cyclosome (APC/C), 
which is an E3 ubiquitin ligase that targets several proteins for degradation. 
Degradation of Pds1 in metaphase depends on the association of APC/C with a sub-
strate specific activator, Cdc20. SAC activation induces a metaphase arrest by target-
ing Cdc20 to inactivate the APC/C and stabilize Pds1. cdc23 conditional mutation 
leads to inactivation of APC/C at the restrictive temperature [12], thus induces a 
metaphase arrest that is independent of SAC activation.
Cdc23 cells grown to early mid-log (O.D600 = ~0.3) at the permissive temperature 
(23 °C) were shifted to restrictive temperature (35 °C) for 3 hours to induce SAC-
activation independent mitotic arrest. After the 3-hour incubation at 35 °C (T0), cul-
tures (O.D600 = ~0.8) were treated with 0 mM, 0.2 mM, 3 mM or 10 mM H2O2 and 
samples were collected at every hour for 3 hours (T1, T2, T3) at 23 °C. Mitotic arrest 
phenotype of the samples was monitored by DAPI staining (Fig. 2A). Following the 
3 hour-incubation at 35 °C, 69.5% of the cells were arrested in metaphase as “large 
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budded cells with a single nucleus” (Fig. 3, T0), indicating an efficient metaphase 
arrest. 3 hours after the shift to the restrictive temperature, 42.3% of the untreated 
control cells exited from APC/C inactivation induced mitotic arrest, as only 27.2% of 
the untreated culture was large budded with a single nucleus at T3. Very similar to the 
untreated control, only 30.8% of the 0.2 mM H2O2 treated culture was in metaphase 
at T3. On the other hand, majority of the 3 mM and 10 mM treated cells (47.6% and 
69.8%, respectively) remained arrested in metaphase at T3 (Fig. 3, T3).  These data 
imply that treatment with higher sublethal concentrations of H2O2 maintain the 
mitotic arrest induced independently of SAC-activation.
DISCUSSION
Appropriate activity of the spindle assembly checkpoint (SAC) and oxidative stress 
are two important factors that have been shown to be associated with aneuploidy, a 
hallmark of cancer cells. Two groups of chemotherapeutics, which are successfully 
used in the treatment of several types of cancer (vinca alkaloids and taxanes), inhibit 
cancer cell proliferation by inducing a SAC-activation dependent mitotic arrest. 
Besides preventing cancer cell proliferation by blocking the cell cycle, mitotic arrest 
induction also increases the time cells spend in mitosis, which is considered the most 
vulnerable cell cycle phase to several external factors including exposure to radiation 
[30] and chemicals [11], thus is favorable for cancer therapy. Many SAC-activating 
Fig. 3. Effect of H2O2 treatment on SAC activation-independent mitotic arrest. cdc23 conditional mutant 
strain grown to early mid-log at the permissive temperature (23 °C) was shifted to restrictive temperature 
(35 °C) for 3 hours. Following the 3 hour-incubation at 35 °C (T0), cultures were treated with 0 mM, 0.2 
mM, 3 mM or 10 mM H2O2. Samples collected at every hour for 3 hours (T1, T2, T3) at 23 °C were 
stained with DAPI and scored as “large budded with one nucleus”, “large budded with two nuclei” or 
“other”. Experiments were performed in triplicate (n = 3) for each H2O2 treatment and the average values 
for “% Large budded cells with one nucleus” were reported with the indicated standard deviations
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anticancer drugs are also known to increase intracellular ROS levels leading to oxida-
tive stress in cancer cells [34]. Aside from the ROS induction by these anticancer 
drugs, cancer cells themselves produce abnormally high levels of ROS. 
Although the effect of oxidative stress on cell cycle progression is well studied and 
has been shown to induce cell cycle arrest in both yeast and mammalian cells [13, 21, 
29], its effect on mitotically arrested cells remains largely unknown. To the best of 
our knowledge, the only study investigating the effects of oxidative stress on SAC-
activated mitotic arrest was performed in HeLa cells. Data from this study suggested 
that treatment with low H2O2  concentrations override the SAC-activated mitotic 
arrest, whereas higher concentrations do not significantly affect the SAC-dependent 
arrest [3]. In the present study, we investigated the effect of H2O2-induced oxidative 
stress on SAC-activation dependent mitotic arrest triggered by nocodazole treatment 
in Saccharomyces cerevisiae. Our data revealed that higher sublethal concentrations 
of H2O2 prolong SAC-activation dependent mitotic arrest in a dose dependent manner 
compared to the untreated control. One of the major differences between the two 
studies, which may explain the different conclusions, is the different cell types used. 
Unlike mammalian cells, yeast cells have cell walls. Therefore, sensitivity of yeast 
cells to H2O2 is very different than that of mammalian cells; H2O2 concentrations that 
have been considered “high” in HeLa cells may not have any significant effect on 
mid-log phase yeast cells. Another major difference between the two studies is that 
we treated yeast cells with the SAC-activating drug only for once during the course 
of the experiment, which allowed untreated control cells to exit the mitotic arrest at 
the end of the experiment. On the other hand D’Angiolella et al. performed their 
experiments in the continuous presence of SAC-activating drug, thus maintained the 
SAC-activation induced mitotic arrest during the course of their experiment [3].  
In this study, we also asked whether the prolonged mitotic arrest in H2O2 treated 
cells was dependent on the SAC-activity. To test this, we treated the cdc23 condi-
tional mutant strain, which arrests in mitosis at the restrictive temperature independ-
ent of the SAC-activity and showed that high concentrations of H2O2 also prolonged 
mitotic arrest induced independently of SAC-activation. 
Our data together suggest that H2O2-induced oxidative stress prolongs mitotic 
arrest in a dose dependent manner and the effect of oxidative stress on mitotically 
arrested cells is independent of the SAC activity. Recent studies have revealed a 
crosstalk between the DNA damage response (DDR) and the SAC, suggesting that 
the two checkpoints function together throughout the cell cycle to ensure genomic 
stability. Indeed, several DDR components have been shown to be required for effi-
cient activation of the SAC in response to improper attachments in metaphase [5, 18]. 
Oxidative stress activates DDR through DNA damage induction [9] and induces a 
mitotic arrest [36]. Rad9, a member of DDR in yeast, has been shown to be required 
for the oxidative stress induced mitotic arrest [7]. These studies together imply that 
the effect of oxidative stress on mitotically arrested cells might be associated with the 
DDR activity. Further studies are needed to be performed with mitotically arrested 
DDR mutants to test this possibility. 
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